Abstract. A global three-dimensional atmospheric model, the NCAR CCM2 general circulation model, has been adapted to study the hourly to yearly variability of CO2 in the atmosphere. Features of this CCM2-based model include high spatial resolution (2.8 ø x 2.8 ø latitude/ longitude), 18 vertical levels, a 15-min time step, and an explicit, nonlocal atmospheric boundary layer parameterization. The surface source/sink relationships used include exchange with the ocean, the terrestrial biosphere, biomass burning, and fossil fuel release of CO2. The timing and magnitude of the model seasonal cycle are compared to observational data for 28 sites. The seasonal cycle of atmospheric CO2 is generally well predicted by the model for most of the northern hemisphere, but estimates of the amplitude of the seasonal cycle in the southem hemisphere are overpredicted. To address this aspect more rigorously, we have used the monthly surface oceanpCO2 maps created by the Max-Planck-Hamburg ocean general circulation model to asses the ocean seasonality on the atmospheric surface CO2 seasonality. The globally averaged interhemisphehc gradient in atmospheric CO2 concentrations, as cornputc•d with the chosen source/sink distributions, is a factor of two too high compared to data, and selected longitudinal bands may be up to 50% higher than the zonal mean. The high temporal resolution of this model allows the infrequent yet real extrema in atmospheric CO2 concentrations to be captured. The vertical attenuation of the seasonal cycle of atmospheric CO2 is well simulated by the boundary layer/free troposphere interaction in the model in the northern hemisphere. Conversely, an increasing amplitude of the seasonal cycle aloft is found in the midlatitude southern hemisphere indicating interhemispheric transport effects from north to south. We use two different models of the terrestrial biosphere to examine the influence on the computed seasonal cycle and find appreciable differences, especially in continental sites. A global three-dimensional chemical transport model is used to assess the production of CO2 from the oxidation of CO throughout the volume of the atmosphere. We discuss these CO + OH --> CO2 + H results within the context of inverse model approaches to ascertaining the global and regional source/sink patterns of CO2. Deficiencies in the model output as compared to observational data are discussed within the context of guiding future research.
Introduction
It is clear from experimental evidence that the atmospheric concentration of CO2 has increased from-280 ppm to -350 ppm since the industrial revolution started about 1800 [Keeling et al., 1976; Raynaud et al., 1993] . One of the many aspects of the carbon cycle that is at present not sufficiently quantified is how and where the roughly 50% of the total anthropogenic CO2 released to the atmosphere has been absorbed by sinks on the Earth surface. There have been arguments put forth for oceanic uptake as well as increased carbon storage in the terrestrial biosphere [Bolin, 1960; The uptake and release of atmospheric CO 2 with various surface boundary carbon reservoirs imparts a strong signal on observed atmospheric CO2 concentrations on time scales ranging from days to years. In our calculations we have selected the four main boundary flux conditions that are presently thought to be important for simulating the variability of atmospheric CO 2 on daily to yearly timescales. The terrestrial biosphere is one of the most important components of the Earth system that influences atmospheric CO2 concentrations on daily to seasonal timescales. The ocean is thought to be important in the global CO2 budget on seasonal to yearly timescales. Land use change, especially biomass burning in developing countries, may contribute significantly to the observed increase in atmospheric CO2 concentrations and we use a source term that has a weak seasonality. Fossil fuel combustion is the main single anthropogenic source of atmospheric CO2 and we use a source that is without a seasonal cycle. The deforestation and terrestrial biosphere fluxes are constructed from monthly means that are interpolated to give daily values. Figure 1 shows the globally integrated net fluxes from each of our initial four source/sink parameterizations: fossil fuel and deforestation are both positive over the seasonal cycle; the ocean is a net sink over the seasonal cycle and the terrestrial biosphere imparts the majority of the variability of the seasonal cycle and sums to roughly zero over the seasonal cycle. Table 1 ocean temperature, salinity, total inorganic carbon, and alkalinity [Weiss, 1974] . It is straightforward to see that the sense of the air-sea flux is determined by the deviations of pCO2so from pCO2*. When the surface ocean is undersaturated with respect to the atmosphere, the flux of CO2 is into the ocean; when the ocean is supersaturated with respect to the atmosphere, the converse is true. It is important to note that there is substantial uncertainty in the global distribution of both pCO2so and K w [Etcheto and Merlivat, 1988; Erickson, 1993] . The global mean transfer velocity has been made consistent with the observed oceanic uptake of 14C produced by nuclear testing. The partial pressure of CO2 in surface ocean waters (pCO2) is a complicated function of several different physical, chemical, and biological processes. It is important to note that several recent experimental studies have observed much variability in the surface ocean CO2 content [Watson et al., 1991; Wong and Chan, 1991] . While it is currently believed that the main source term that influences the seasonal cycle of atmospheric CO2 is the terrestrial biosphere, in the southern hemisphere there may be an important seasonal forcing due to the ocean. This will be the topic addressed when we compare and contrast the atmospheric CO 2 results obtained from using two different ocean treatments.
Terrestrial Biosphere
The atmosphere exchanges carbon with the terrestrial biosphere on a variety of time scales, one of the most prominent being the seasonal cycle. In the phase 1 calculations we have used the monthly global grids described by Fung et al. [1987] . These global source/sink terms sum to roughly zero for the annual cycle. In addition, note that each element of the terrestrial source/sink grid sums to approximately zero over the annual cycle, Table 1 . The overall seasonal cycle of all source/sink terms is clearly dominated by variation in atmosphere-terrestrial biosphere CO2 exchange. In a section below we compare the model runs of the Fung et al. [1987] sources with those ofFriedlingstein et al. [1992] with particular emphasis on the amplitude and phasing of the seasonal cycle at middle-high latitudes of the northern hemisphere.
Ocean
The ocean has long been known to influence the atmospheric concentrations of many trace gas species. The distribution of the partial pressure of CO2 (pCO2) in the global surface ocean is one of the important factors in modeling air-sea CO2 transfer (Sarmiento and Sundquist, 1992) . In these calculations we have used the annual mean pCO2 grid of Broecker et al. [1986] and a monthly model estimate of pCO2 produced by the Max-Planck-Institut far Meteorologie, Hamburg, ocean GCM. The pCO2 grid has been converted to a flux map via the application of a 14CO2 consistent transfer velocity, as described in Equation (1) 
Fossil Fuel
The flux of CO2 to the atmosphere associated with the combustion of fossil fuel is an important component of the contemporary cycle of atmospheric CO 2 [Keeling, et al., 1976; Marland and' Rotty, 1984] . Based on experimental and modeling evidence, the observed increase in atmospheric CO2 is primarily due to the addition of-5 Gt C (as CO2) yr-• being added by the fossil fuel source [Revelle and Suess, 1957] .
Here, we use a source function that is invariant in time over the annual cycle. The annual flux that we have used in this work is 5.3 Gt C (as CO2) yr-1 [Rotty, 1987a, b] . The source term is known to be somewhat seasonal in character [Marland and Rotty, 1984] ; however, this variability is thought to be of the order of 10-20% and we do not include the monthly variability in these first numerical experiments with the model.
Model Diagnostics
The model has been run for 6 years with the output data archived every 12 hours. We have selected years 5 and 6 as the years which we will use to diagnose the model via During the third year of the model-data comparison it is obvious that the observational data show a much stronger drawdown of atmospheric CO2 during the spring-summer period than occurs in the model or the preceding two years of the observations. We intentionally include this feature in our analysis to emphasize that the interannual variability of the real Earth system is large. We speculate that the drawdown of atmospheric CO2 at Bermuda during this particular year is related to the changes in the surface sourcesink relationships that year as opposed to changes in atmospheric transport.
An interesting and significant aspect of this new model is the possibility of modeling the high-frequency variability of atmospheric CO2 concentrations. Bermuda allows us to look closely at this aspect of the model. Figure 7 shows the observed, weekly variation in atmospheric CO2 concentration as measured at the Bermuda (west) station. In addition to the pronounced seasonal cycle there are several 'outliers' that are several ppm less than the mean trend. Back trajectories calculated for these occurrences suggest a circulation pattern in the summer whereby a parcel of air is advected rapidly from the photosynthetically active regions of midlatitude northern hemisphere regions to Bermuda, thereby preserving some of low CO2 signature caused by photosynthesis. Figure 8 shows the model predictions for Bermuda and the infrequent yet real instances where parcels of CO2-depleted air are arriving at Bermuda during summer clearly stand out. Therefore the model is capturing these high frequency variations that exist in the experimental data. Also note the 'positive' outliers in the data, mostly in fall and winter, and model predictions that represent the short timescale advection of 'polluted' air parcels from the industrialized regions of North America. This kind of detailed analysis of the model performance highlights the importance of using short timescale transport information (hours) in order to interpret certain aspects of the observational record. . This gives us confidence that the CTM OH fields and CO2 production rates are reasonable. Plate la shows the vertically integrated CO2 production in moles m-2 yr-1 for the month of January. The January atmospheric CO2 production (Plate la) is largest in the atmosphere where there are substantial fluxes of CO from biomass burning concurrent with relatively high atmospheric OH concentrations. In contrast, the July simulations (Plate lb) show the largest CO2 production over industrialized regions of the northern hemisphere. This is due to the OH concentration being higher over the industrial fossil fuel related surface emissions during this time of year. In January, OH is low over the winter northern hemisphere and high over areas close to biomass burning related surface emissions. Figures 16a and 16b show the vertically integrated production of CO2 as a function of latitude. In January Figure 16a Figure 16a . The zonal average of the vertically intergrated CO2 production from the CO + OH reaction as computed for January.
region of maximum CO 2 production from the oxidation of CO is over the industrialized areas of the northern hemisphere. This anthropogenic CO is most prevalent over continental regions and OH is much higher at these latitudes during the boreal summer than in the January run.
The vertical distribution of the CO + OH reaction for each of the two months discussed is very similar, but there are subtle differences. Since OH is a product of O(1D) and H20(g ) (water vapor), most of the production occurs in the lower troposphere where H20(g ) concentrations are higher. The biomass burning areas are closer to major convective centers than other surface CO sources. This may allow for more CO and H20 (and by implication OH) to reach greater altitudes on a regional basis. Care must be applied in using such data in inverse approaches whereby atmospheric transport statistics are coupled with multistation time series observations of atmospheric CO2 concentration. 
Discussion
The NCAR CCM2 has been adapted for use in studying the global CO 2 cycle. At Mauna Loa, Hawaii, the model produces seasonal variability that is quite close to the NOAA/CMDL observations. The seasonal cycle is within 10% of observations for many sites in the northern hemisphere. This is directly related to the climatology of the parameterization of the CO 2 exchanges with the terrestrial biosphere developed cycle at Mauna Loa. Again, it is obvious that most of the variability in the total CO 2 tracer (CO2sum) is due to the terrestrial biosphere (CO2veg)with a small portion of the variability due to the variability in the transport of the fossil fuel (CO2fos) tracer from continental regions. Figure 19 shows the contribution of the four different source components to the total CO 2 tracer (CO2sum) at Bermuda for years 4, 5, and 6 of the model run. As in Figure  18 , the majority of the variability in the total CO2 tracer is due to the terrestrial biosphere. As seen in the detrended calculations ( Figure 20 ) the 'bump' in the winter-spring months is related mainly to the vegetative tracer, but a small enhancement is provided by the increased frequency of advection of polluted, CO2 rich air from northern midlatitude continental regions.
As discussed in a previous section, the simulated amplitude of the seasonal cycle of atmospheric CO2 at the South Pole is roughly 100% greater than in the observations. To more closely examine the possible reasons behind this we again look at the contribution of the four different source components to the total CO2 tracer (CO2sum), Figure 21 . The terrestrial biosphere tracer (CO2veg) is clearly contributing the largest part of the-2.2 ppm seasonal cycle. The seasonality of the interhemispheric transport of northern hemisphere air to the south pole is evidenced by the variation in the fossil fuel tracer. There are at least two plausible explanations for the enhanced seasonal cycle amplitude at the south pole in the model. One is that the interhemispheric transport is larger than in the real world; however, this would serve to decrease the interhemispheric gradient, which as noted in a previous section, is already too large compared to observations. This suggests that gross errors in the interhemispheric transport is not that plausible. The other explanation is that the ocean sink during austral springsummer is not strong enough in the annual mean treatment used here [e.g. Pearman and Hyson, 1986] . That is, if the seasonality of air-sea exchange is important to the interpretation of the south pole atmospheric CO 2 observational record, then the transport in the CCM2 may be adequate and improvements in the ocean treatment may be The global tropospheric production of CO2 from the CO + OH reaction is estimated at 0.7 Gt C (as CO2) per year using a chemical transport model. There are large three-dimensional spatial and temporal variations in the production of CO2 in the troposphere. In January the largest CO2 production occurs between 40øN and 60øS with maxima from the equator to 10 ø N and-30 ø S. This is a result of the tropical areas of biomass burning coinciding in space with regions of elevated OH concentration. The calculation for July indicates that the region of maximum CO2 production from the oxidation of CO is over the industrialized areas of the northern hemisphere. This anthropogenic CO is most prevalent over continental regions and OH is higher at these latitudes during the boreal summer than in the January run. These production terms may be a consideration in various inversion techniques designed to elucidate surface-based sources and sinks.
We find that for observational stations quite close to areas of active terrestrial biosphere-atmosphere exchange, such as Alert, Northwest Territories, Canada, the two terrestrial biosphere flux models we used have significant differences as compared to each other and observational data. This aspect of the terrestrial flux models will be examined in detail in later model development actvities.
There are several deficiencies in the model results that will guide further research. The residuals of the modeled atmospheric CO2 concentrations have a seasonality that does not consistently occur in the observed data. We will assess individual events that have significant impact on the modelcomputed residuals on synoptic timescales. The treatment of the ocean CO2 fluxes will be improved via the increasing database of surface ocean pCO2 content as well as various ocean model predictions.
In these initial validation experiments, we have used boundary forcings that, in total, result in the accumulation of CO2 in the model atmosphere that is larger than in the observational record. In the future, we will use a variety of 'fertilization' models of the terrestrial biosphere to asses the impact of such processes on the computed interhemispheric gradient as well as the CO2 accumulation rate in the atmosphere. In addition, we will explore the possible role of the ocean in the enhanced uptake of CO2 over the last century or so.
A clear, well-defined future direction that this CCM2-based CO2 cycle model will follow is the inclusion of the stable and unstable isotopes of carbon and the stable isotopes of oxygen in the simulations; 14CO2, 13CO2 and C180160 provide unique and powerful tools by which the validity of various CO2 source/sink estimates at the Earth surface may be tested. The detailed treatment of these isotopic tracers will inevitably result in a much more complex modeling effort related to the terrestrial and marine biosphere, both components of the Earth scale CO2 system that ultimately strongly influence our planet's climate.
